Passivity determines corrosion resistance and stability of highly-alloyed stainless steels, and passivity breakdown is commonly believed to occur at a fixed potential due to formation and dissolution of Cr(VI) species. In this work, the study of a 25Cr-7Ni super duplex stainless steel in 1 M NaCl solution revealed that the passivity breakdown is a continuous degradation progress of the passive film over a potential range, associated with enhanced Fe dissolution before rapid Cr dissolution and removal of the oxide. The breakdown involves structural and compositional changes of the passive film and the underlying alloy surface layer, as well as selective metal dissolution depending on the anodic potential. The onset of passivity breakdown occurred at 1000 mV/ Ag/AgCl , and Fe dissolved more on the ferrite than the austenite phase. With increasing potential, the passive film became thicker but less dense, while the underlying alloy surface layer became denser indicating Ni and Mo enrichment. Rapid Cr dissolution occurred at ≥1300 mV/ Ag/AgCl .
INTRODUCTION
Passivity has vital importance to our civilization because corrosion resistance of most of metallic materials used today is due to spontaneous formation of a passive film on the surface, preventing the materials from rapid degradation. 1, 2 The electrochemical characteristics of passivating metals are reflected by their current-potential behavior showing a transition from an active (high current) to passive (low current) state. The presence of the passive film decreases the corrosion rate by orders of magnitude. [3] [4] [5] [6] [7] However, passivity breakdown can occur in corrosive environments, leading to a sharp increase of the anodic current at the so-called breakdown potential. When this happens, either the passive film breaks locally triggering localized corrosion, or it vanishes allowing rapid dissolution leading to material failure with serious consequences. [1] [2] [3] [8] [9] [10] [11] The passivity and breakdown behavior of metals have been studied extensively using electrochemical methods in corrosive aqueous electrolytes, often combined with surface analyses. There is ample literature regarding the thermodynamics, kinetics, and electrochemical characteristics of passivity. [3] [4] [5] [6] [7] [12] [13] [14] Most of early studies of passivity breakdown focused on pitting initiation related to nonmetallic inclusions (e.g., MnS) existing in stainless steels. 15 This problem has been mitigated by reducing the S and Mn contents of the stainless steels. However, many advanced alloys nowadays contain multi-elements and consist of multi-phase microstructures, where different kinds of precipitates and phase/grain boundaries may trigger localized corrosion. [16] [17] [18] [19] [20] [21] [22] [23] Further studies are necessary to better understand the passivity and its breakdown of such alloys. The thickness, composition, and structure of the passive film, in particular of Fe-based and Ni-based alloys, have been investigated, ex situ, by X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and secondary ion mass spectrometry, and sometimes also by transmission electron diffraction and X-ray scattering. [24] [25] [26] Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) have been used, both ex situ and in situ, to investigate the atomic structure, roughness, and topography of the outermost surface layers of various metals. 13, 14, [27] [28] [29] [30] Recently, efforts have been made to investigate the effects of aging 31 and heating at elevated temperatures on the passive film. 32, 33 Transpassive breakdown at high electrochemical potentials has also been investigated. [34] [35] [36] [37] [38] The composition and structure of passive films formed under aqueous environments may get changed when the samples are analyzed under ultra-high vacuum (UHV) conditions; therefore, efforts have been made to analyze the passive films under in situ conditions. 13, 14, 39, 40 Most of the literature reports have focused on pure metals or simple alloys, while limited reports can be found on advanced commercial alloys with complicated composition and structure, such as duplex stainless steels. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Synchrotron-based analysis techniques, especially X-ray absorption spectroscopy and X-ray diffraction ( XRD) , have been used to analyze surface oxides or passive films on different metals under electrochemical control. [53] [54] [55] The valence state of atoms and their coordination numbers have been studied by using X-ray absorption near-edge structure and extended X-ray absorption fine structure analysis, but these were often limited to pure metals and binary alloys. [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] Synchrotron XRD measurements have been performed at grazing incidence (GIXRD) to analyze thin-surface layers with high resolution and sensitivity, showing advantages for rapid and detailed structural characterization. [70] [71] [72] [73] [74] [75] Moreover, X-ray reflectivity (XRR) measurements have also been employed to study electrochemical oxide growth on pure metal and alloys. [76] [77] [78] [79] [80] On the other hand, point defect model (PMD) has been developed to describe theoretically the generation and annihilation of ionic defects and the ionic flux via cationic/anionic vacancies in the oxide to define environmental and electrochemical conditions for growing, stable, and dissolving oxide films. 1, 2, 8, 10, 81, 82 According to PDM, passivity is a dynamic process in which oxide formation and dissolution occur simultaneously. The passive state is a steady condition of a metal with a low dissolution rate, and passivity breakdown occurs when the oxide dissolution is faster than its formation. A pitting model was also reported being able to describe passivity breakdown including the role of the oxide layer. 9 Moreover, efforts have been made to establish a "generalized model" to enable the description of the growth of oxide films on alloys under non-steady-state conditions. 83 However, these theoretical models have been established mostly based on experiments conducted on pure metals and simple alloy systems, and further development is needed to describe passivity of multi-element/phase alloys. 82 A recent report has summarized various advancements in corrosion science via both experimental and theoretical approaches, and presented the current understanding of the mechanisms of corrosion initiation at atomic scale, including metal-water interfacial processes, surface atomic structure and reconstruction, hydroxylation, hydroxide and oxide formation, anodic and selective dissolution, effect of grain boundaries on passivity breakdown, etc. 14 In general, the passive films formed on highly alloyed stainless steels are 1-3 nm thick depending on the passivation conditions and consist mainly of Cr-oxides and Fe-oxides/hydroxides. Usually, Fe is enriched in the outer part and Cr is enriched in the inner part, and a small amount of Mo species (Mo 4+ , Mo 6+ ) can also be present in the passive film. [3] [4] [5] [6] [7] 13, 14 It was also reported that beneath the passive film there is an alloy surface layer that is enriched in Ni. 3, 14 The superior corrosion resistance of stainless steels has been ascribed to the Cr-rich surface oxide with Cr 3+ state. The effective protection is lost when Cr 3+ in the passive film is oxidized to higher oxidation states forming soluble Cr 6+ species, so the oxide dissolution rate exceeds the formation rate, i.e., transpassive breakdown. 1, 2, 8, 10, 81, 82 This appears as a drastic increase in the anodic current density by orders of magnitude, and without a stable protective oxide film on the surface, the stainless steel corrodes actively. [1] [2] [3] [8] [9] [10] [11] 14, [34] [35] [36] [37] [38] The process of passivity breakdown of the advanced alloys, especially the transition from passive to transpassive state, has remained the least understood. 11 The challenge is to perform in situ and real-time analysis of the breakdown process of the passive film to elucidate the physiochemical and electrochemical reactions occurring at the interfaces as well as transport of ionic species across the thin oxide and hydroxide films. For the safe use and further development of high-performance alloys, it is of utmost importance to gain fundamental insight into passivity and its breakdown of highly corrosion-resistant alloys. This paper presents a multi-analytical study of the transpassive breakdown of 25Cr-7Ni super duplex stainless steel in 1 M NaCl solution using in situ and operando synchrotron XRR, XRF, and XRD measurements, in combination with electrochemical measurements including current transients and electrochemical impedance spectroscopy (EIS). The aim was to gain a comprehensive understanding of the mechanism and thus unravel the transpassive breakdown of this advanced alloy in chloride solution.
RESULTS

Current transients and EIS at applied potentials
The open-circuit potential of the sample in the solution was 125 mV/ Ag/AgCl . Figure 1 displays the anodic current density vs. time data recorded at applied potentials. At potentials below 1000 mV/ Ag/AgCl , the current density dropped quickly with time and reached a low level of~10
, typical for a passive state. At 1000 mV/ Ag/AgCl , the current density initially decreased for <10 s, then increased slowly with time, indicating the onset of passivity breakdown. At 1100 mV/ Ag/AgCl , the current density increased steadily with time to a high level, implying an enhanced anodic activity. Further increase of the potential resulted in a continuous increase of the current density to higher levels. Potentiodynamic polarization curves measured with a potential sweep rate of 10 mV/min also showed a drastic increase of the current density at 1000 mV/ Ag/AgCl (Fig. S1 in Supplement Material). Apparently, the transition from passive to transpassive state started to occur at 1000 mV/ Ag/AgCl as judged from the increasing anodic current. However, oxygen evolution reaction, occurring on the surface, may have also contributed to the high anodic current, especially at higher potentials. Figure 2 displays Nyquist plots of the EIS spectra obtained at (a) open-circuit potential (OCP) and 900 mV/ Ag/AgCl , (b) 1000, and (c) 1100, 1200, and 1300 mV/ Ag/AgCl , respectively. At OCP and 900 mV, the EIS spectra exhibited one time-constant feature, appearing as a part of a large semicircle ( Fig. 2a) with a high impedance level at low frequencies, typical for a passive state. In contrast, at 1000 mV, the spectrum showed a smaller semicircle and an inductive-like response at low frequencies (Fig. 2b) . At higher applied potentials, the semicircle was further reduced and an inductive loop was seen at low frequencies (Fig. 2c) , implying transpassive dissolution (or localized corrosion) occurring on the metal surface. 34 Clearly, a drastic change of the electrochemical characteristics of the sample surface occurred at 1000 mV/ Ag/AgCl , which indicates the onset of passivity breakdown, in agreement with the current transients.
Focusing on the main feature of the impedance response at different applied potentials, quantitative analysis of the EIS spectra could be done by spectra fitting using simple and plausible equivalent circuits as shown in the Supplement Material (Figs S2, S3). From the spectra fitting, the values of the charge transfer resistance and a constant phase element describing the capacitive response of the electrode-electrolyte interface were obtained (Table S1 in the Supplement Material), which shows a drastic decrease of the charge transfer resistance with increasing potential from 900 to 1300 mV/ Ag/AgCl (Table S1 ), suggesting that the passive film became highly defective and eventually lost its protective ability.
In-situ and operando XRR analysis Figure 3 shows the XRR data obtained at the OCP and increasing applied potentials. At potentials up to 1300 mV/ Ag/AgCl , the curves showed distinct and broad fringes ( Fig. 3a-e) , indicating the presence of two (or more) interfaces, with broader fringes implying thinner surface layers. At 1400 mV/ Ag/AgCl , no fringe was seen (Fig. 3f) , suggesting that the surface became too rough for the reflectivity measurement. Analysis of the XRR data was performed by fitting the curves using a two-layer surface film model, consisting of a low-density outer layer (passive film) and an underlying high-density inner layer (alloy surface layer) on top of the bulk substrate, as illustrated in Fig. 3g . The two-layer model used for curve fitting assumes that the passive film and the alloy surface layer are uniform, neglecting possible differences in the passive film between the ferrite and austenite phases. The inner and outer part of the passive film, including hydroxides, is considered as one oxide layer. Satisfactory fitting is seen in Fig. 3 from the excellent matching between the measurement and the simulation using the fitting results. Table 1 summarizes the fitting results, i.e., the thickness, density and roughness of the two layers. The data obtained at 1400 mV/ Ag/AgCl did not show clear fringes so the fitting was not reliable.
At the OCP, the two layers had a similar thickness of ca. 2 nm, and the density of the passive film was 5.2 g/cm 3 , which is approximately the density of Fe and Cr oxides (5.22 g/cm 3 for Cr 2 O 3 and 5.24 g/cm 3 for Fe 2 O 3 ). The density of the alloy surface layer was 8.3 g/cm 3 , which is higher than that of the bulk material (7.8 g/cm 3 ). With increasing applied potential, the thickness of both layers increased slightly, and the density of the passive film decreased whereas the density of the alloy surface layer increased ( Table 1 ). The simultaneous increase in thickness and decrease in density of the passive film suggest an increased amount of vacancies in the oxide layer at higher potentials. Meanwhile, the increased density of the alloy surface layer implies an enrichment of heavier elements, in this case Ni (8.9 g/cm 3 ) and Mo (10.2 g/ cm 3 ). Apparently, the density became higher than that of pure Ni, suggesting that also Mo became enriched in the alloy surface layer at the high potentials. At 1300 mV/ Ag/AgCl , the density of the alloy surface layer decreased slightly, accompanied by a roughness increase.
In situ detection of dissolved metal elements by XRF The XRF data are summarized in Fig. 4 , showing signals from the K α -absorption and K β -absorption edges for Fe, Ni, Mo, and Cr, indicating metal dissolution. No signal of any dissolved element was detected during exposure at the OCP, and first signals (inset in Fig. 4a ) were detected at 900 mV/ Ag/AgCl showing little Fe dissolution. The signals were of the same intensity at 1000 mV/ Ag/ AgCl . Further increase of the potential increased the signal intensity of Fe, but no other element was detected until 1200 mV/ Ag/AgCl , at which small signals of Ni and Mo were also detected (Fig. 4b, c) . At 1300 mV/ Ag/AgCl , the signal intensity of Fe, Ni, and Mo increased significantly, and Cr was also detected (Fig. 4d) , indicating rapid Cr dissolution. The signals of Fe, Cr, Ni, and Mo were greatly enhanced at 1400 mV/ Ag/AgCl , implying the active dissolution of the metal without a protective barrier.
For a visual representation of the amount of metal dissolution, the normalized data (total of dissolved elements = 100%) was plotted in Fig. 5a showing the percentage of the dissolved elements as a function of applied potential. Fe was the dominant dissolving element up to 1300 mV/ Ag/AgCl , whereas Cr dissolution increased and became similar to Fe at 1400 mV/ Ag/AgCl . The dissolution of Ni was little and the dissolution of Mo was the lowest at all potentials. Figure 5b shows the data as relative increase (height ratio normalized to the peak of Fe at 1000 mV/ Ag/AgCl ) of the cross-section corrected signal intensity for the dissolving metal elements. Clearly, Fe was the mostdissolving element ('dealloying') in the potential region from 1000 to 1200 mV/ Ag/AgCl . Calculation of absolute amounts of the dissolved elements was not attempted, because lack of detailed knowledge of the concentration gradients around the electrode and the complexity of computation of secondary fluorescence events in the electrolyte and the sample. It should be noted that the sensitivity for detection of Cr is low due to its low cross-section and emission energy, so minor Cr dissolution at potentials below 1300 mV/ Ag/AgCl cannot be ruled out. In contrast, the sensitivity to Mo is high due to its high cross-section, so the information about Mo has high confidence.
GIXRD of the outermost surface
The GIXRD results are summarized in Fig. 6 . The full spectra of all indexed peaks and a short discussion were reported elsewhere. 84 All peaks of the austenite and ferrite were seen to shift to lower Bragg angles (larger d-spacing), with the ferrite showing larger shifts. Moreover, the peaks became distorted and broadened after polarization to 1400 mV/ Ag/AgCl , more for the ferrite than the austenite. The largest shift occurred on (211)-oriented ferrite Fig. 2 Nyqvist plots of EIS spectra collected at OCP and step-wisely increased anodic potentials: a OCP and 900 mV; b 1000 mV; c 1100, 1200, and 1300 mV. All potentials are given with respect to Ag/AgCl (sat.). The spectra in the figures show a typical passive condition, b onset of breakdown, and c transpassive breakdown grains and on (311)-oriented austenite grains (Fig. 6a) . Numerous small peaks were detected which were indexed as Cr-oxides and Fe-oxides having varying compositions (a mix-compound consisting of Cr-oxide, Fe-oxide, Fe-Mo-oxide, Cr-Mo-oxide, and Fe-Mnoxide species), with the peaks for Cr-oxides showing strongest signals (Fig. 6b) . Some additional peaks other than those of indexed Cr-oxides and Fe-oxides were detected which, however, were not allocated to any compound (denoted as "new oxide" in Fig. 6b, d ). The oxide peaks had a high peak-width-to-height ratio, indicating nanometer-sized grains. The peaks for all oxides became broader and distorted with increasing potential. The peaks for Cr-oxides shifted to higher Bragg angles whereas no considerable peak shift occurred for Fe-oxides (Fig. 6c, d ). All peaksignal intensities (bulk phases and oxides) decreased during polarization to 900 mV/ Ag/AgCl and then increased after polarization to 1400 mV/ Ag/AgCl .
DISCUSSION
For low and medium-alloyed stainless steels, an abrupt increase of current density in the polarization curves occurs at low potentials indicating passivity breakdown, known as the breakdown/pitting Fig. 3 XRR data collected during exposure in 1 M NaCl at room temperature: a at OCP, and at applied anodic potential b 900 mV, c 1000 mV, d 1100 mV, e 1300 mV, and f 1400 mV, respectively. All potentials are given with respect to Ag/AgCl (sat.). g The two-layer model used for curve fitting. The fringes of the XRR curves are originated from X-ray reflections at the surface and the interfaces of the oxide and the alloy surface layers, and the red lines show simulation using the fitting data The systematic error of the measurement was 2-5%. Using Genx program, the error bar was estimated to be <0.1 nm for the thickness and ≤0.01 g/cm 3 for the density of the two surface layers, and ≤0.02 nm for the roughness
potential. Passivity breakdown of highly alloyed stainless steels, in contrast, is usually due to transpassive dissolution at higher potentials. The transpassive state is characterized by rapid dissolution of metal elements, which is commonly believed to be due to the transition of stable Cr 3+ -oxide to soluble Cr 6+ -species. [1] [2] [3] [9] [10] [11] 14, [34] [35] [36] [37] In the PDM, the prediction of transpassive breakdown potential is based on the Cr 3+ → Cr 6+ reaction. 8, 81, 82 However, the electrochemical behavior of Crcontaining multi-element alloys differs largely from that of pure Cr, and there are large variations in the transpassive breakdown potential of different kinds of stainless steels. Environmental conditions, such as pH, temperature and chloride concentration, all have an influence on the breakdown process. It is well known that chloride ions in the solution attack the passive film in different ways, 9, 37, 38 and therefore lower the passivity breakdown potential. The combined electrochemical measurements and operando synchrotron X-ray analyses presented provide comprehensive information about the transpassive breakdown of the super duplex stainless steel in 1 M NaCl solution. The current transients and EIS measurements showed the onset of the transpassive breakdown at 1000 mV/ Ag/AgCl ; however, Fe was the dominant dissolving element, and the passive film became thicker up to 1200 mV/ Ag/AgCl . Moreover, oxygen evolution reaction may have contributed to the increased current whose kinetics increase rapidly with increasing potential. So, it is questionable to define the transpassive breakdown potential only based on the increased anodic current. At 1200 mV/ Ag/AgCl , dissolution of Ni and Mo was detected, and minor Cr dissolution might also be possible, but the passive film was still present on the surface. Rapid Cr dissolution was only detected at potentials ≥1300 mV/ Ag/AgCl together with rapid Fe dissolution. Under this condition, the passive film became thinner and the density became lower, indicating true passive film breakdown. Therefore, aside from electrochemical evidence, structural and/or chemical evidences are also required for a more accurate delineation of the passivity breakdown. In fact, the passivity breakdown is a transition from passive to transpassive state, which involves electrochemical processes, starting at lower potentials, and structural and compositional changes of the passive film, occurring at higher potentials, spanning over a range more than 200 mV. Hence, the transpassive breakdown occurs rather over a potential range than at a fixed potential.
The fact that true passive film breakdown of the super duplex stainless steel occurred at such high polarization potentials implies high stability of the passive film in the chloride solution. Existing models assuming that pure Cr 2 O 3 is formed on stainless steel are not sufficient to describe the observations. 83 Synergistic effects between Cr, Ni, Mo, and N on the passivity need to be considered to explain the superior corrosion resistance of such alloys. 3, 41 In practice, the likelihood that the cathodic reaction in natural environments can lift the corrosion potential to the transpassive breakdown potential range is little, and therefore the transpassive breakdown is not likely to occur on the super duplex stainless steel under normal exposure conditions. However, the transpassive breakdown is a concern under extreme conditions, such as evaluated temperature, atmospheric corrosion exposures, and aggressive solutions inside crevices. 85 Here, the transpassive breakdown potential range can be regarded as the ultimate limit for the passive condition. The passive films formed on stainless steels are usually a few nanometers thick, 14 and the film thickness increases slightly with increasing potential in the passive regime. Ni enrichment in the alloy surface layer beneath the passive film was observed to be in a narrow range (a few nm in depth). [86] [87] [88] The operando synchrotron XRR analysis provided information about the thickness and density of the passive film and the alloy surface layer (with high accuracy), as well as their changes during the transition from passive to transpassive state. The thickness of the passive film increased in the passive region. During the transition from passive to transpassive state occurring in the potential range of 1000-1200 mV/ Ag/AgCl , the thickness further increased whereas the density decreased with increasing potential, which was due to enhanced anodic dissolution of mainly Fe. The dissolution process was associated with defect formation in the oxide whereby the density became lower. Hence, the increased anodic dissolution was most likely caused by the increased number of vacancies in the oxide that facilitated ionic transport across the oxide layer. At potentials ≥1300 mV/ Ag/AgCl , the oxide dissolution rate exceeded its formation rate leading to the thinning of the passive film as evidenced by the enhanced anodic dissolution of the metal elements (XRF data) and the eventual removal of the passive film (XRR data).
Another key observation is that the anodic polarization is accompanied by compositional and structural variations of the alloy surface layer beneath the passive film. The XRR results showed that the density of the alloy surface layer was already higher than that of the bulk material at the OCP, and it increased significantly with increasing potential up to 1000 mV/ Ag/AgCl . This means that an enrichment of the heavier elements (Ni and Mo) must have occurred, due to the preferential Fe dissolution. During the transition from passive to transpassive state in the higher potential range (1000-1200 mV/ Ag/AgCl ), the density reached to 9.1 g/cm 3 , which suggests that not only Ni but also Mo (heavier than Ni) was enriched in the alloy surface layer. This is also supported by the XRF results showing little dissolution of Mo, which was much lower than its proportion in the alloy. Enrichment of Ni beneath the passive film was observed on 304 L and 316 L stainless steels and ascribed to preferential oxidation of Fe and Cr at the oxide/metal interface. 86, 87 It is well known that the addition of Mo into stainless steel enhances the resistance to localized corrosion, in particular, the repassivation ability. 3 However, because of the difficulty in the surface analysis, only a few literature reports could show the presence of Mo in the surface, mostly as high valence (Mo 4+ and Mo 6+ ) species in the passive film and also as metallic Mo beneath the passive film of stainless steels. 14, 41, 42 There are hypotheses, e.g., mixed nitride theory, about the synergistic effects between Mo, Cr, Ni, and N to the passivity in order to explain the high corrosion resistance of the alloys containing these elements. 3, 41 Our results suggest that there is an enrichment of metallic Ni and Mo in the alloy surface layer underneath the passive film, and they may, together with Cr and N, indeed form mixed nitrides that are stable and retard the metal dissolution, contributing to the high corrosion resistance of the super duplex stainless steel. These observations support the synergism of the alloying elements believed to reduce the dissolution propensity. In a nutshell, not only the passive film but also the underlying alloy surface layer plays an important role in the high corrosion resistance of stainless steels.
The passive condition of a passivating metal is maintained when the competing oxide formation and dissolution processes are in equilibrium, and transpassive breakdown occurs when the oxide dissolution is faster than its formation. For multi-element alloys, the dissolution of the passive film is a complicated process because the dissolution propensity is different for each alloying element and for their oxides/hydroxides, and the composition of the passive film changes with applied potential. [1] [2] [3] [8] [9] [10] [11] For the super duplex stainless steel, preferential Fe dissolution is accompanied by Cr enrichment in the passive film, which explains its resistance against rapid metal dissolution up to the potential for film breakdown despite the onset of transpassive breakdown at 1000 mV/ Ag/AgCl . The passive film remained on the surface but became more defective, which facilitates ionic transport due to an increased vacancy density. Only when the potential was at ≥1300 mV/ Ag/AgCl , the passive film dissolved rapidly, most probably due to the oxidation of stable Cr 3+ -compounds to soluble Cr 6+ -species, allowing active dissolution of the metal. GIXRD showed that there is a shift of Cr-oxide peaks which indicates the change of the lattice size of the oxide crystals. The broadening and distortion of all the oxide peaks were associated with the compositional changes due to preferential dissolution of Fe-oxides and enrichment of Cr-oxides, and/or formation of new oxides during and after the anodic polarization. It is not surprising that new oxide/hydroxide compounds were formed as the surface was chemically altered by anodic polarization to the transpassive domain.
The shift of ferrite and austenite peaks to lower Bragg angles is a clear sign for lattice expansion due to the preferential dissolution of Fe as confirmed by the XRF analysis. The dissolution of Fe led to lattice expansion of the grains in the surface layer. The observed asymmetric shapes of the ferrite peaks indicate more Fedissolution from the ferrite than the austenite, implying selective attack occurred on the ferrite, which was confirmed by postpolarization analysis of the surface using SEM and electron backscatter diffraction (EBSD). 84 It seems that the enhanced Fe dissolution was the first step in the corrosion initiation, and transpassive breakdown initiated first on ferritic grains and then spread over austenitic grains. 84 The propensity to Fe dissolution increased with increasing potential leading to the development of more lattice strains. The strain, however, may have also been introduced by the different strain/stress evolution in both phases, which could have altered the residual stress state of the outermost surface and thus the selective dissolution of ferrite.
There are controversies in the literature regarding the structure (amorphous vs. crystalline) of the passive films on stainless steels due to different surface conditions and the use of different analytical techniques. 13, 14, [24] [25] [26] [27] [28] [29] [30] The GIXRD results in this study clearly showed that the air-formed, native oxide film on the super duplex stainless steel was crystalline with some amorphous fractions, and the oxide remained during the anodic polarization before removal. 84 The passive film was composed of mainly Croxides and Fe-oxides with some substitutes of Mo and Mn, having nanometer-sized grains. The anodic polarization led to the loss of crystallinity, possibly due to increased vacancies, compositional changes due to selective dissolution, and/or formation of new oxides/hydroxides having an amorphous structure. Upon termination of the electrochemical polarization at 1400 mV/ Ag/AgCl , at which passive film dissolution occurred, similar Cr-oxides and Feoxides were detected on the sample surface. The increased diffraction signals of the crystalline oxide peaks as well as the background indicate an increased amount of oxides. It is possible that the re-formed surface film contained some deposited Cr-and Fe-containing compounds since the rapid dissolution generated a high concentration of Fe and Cr in the vicinity of the surface. The results indicate a strong tendency of the super duplex stainless steel to re-passivate after breakdown in 1 M NaCl solution at room temperature.
In summary, the combined electrochemical measurements and operando synchrotron X-ray analyses have shown that the passivity breakdown of the 25Cr-7Ni super duplex stainless steel in 1 M NaCl solution is a transition from passive to transpassive state, spanning over a potential range more than 200 mV. The breakdown involves chemical/electrochemical reactions as well as compositional and structural changes of the passive film and the underlying alloy surface layer. The core findings are summarized schematically in Fig. 7 . The anodic polarization to high potential in the range of 1000-1200 mV/ Ag/AgCl leads to preferential Fe dissolution, occurring more on the ferrite than on the austenite phase. Meanwhile, the passive film becomes thicker, from ca. 2 nm to ca. 4 nm, but less dense due to anodic Fe dissolution. The alloy surface layer beneath the passive film has a thickness of a few nanometers, which increases slightly upon anodic polarization, and its density increases due to anodic enrichment of Ni and Mo. The true passive film breakdown associated with rapid Cr dissolution takes place at ≥1300 mV/ Ag/AgCl . The passivity of the super duplex stainless steel is the ability to sustain the structural integrity of the surface oxide and the underlying alloy surface layer.
METHODS
Material used and experimental setup
The material used was a solution-annealed 25Cr-7Ni (UNS S32750) grade super duplex stainless steel with the chemical composition given in Table 2 , provided by AB Sandvik Materials Technology, as a 10 mm thick plate. The microstructure consisted of ferrite and austenite phases in similar fractions. Electrochemical (current transients and EIS), in situ and operando synchrotron X-ray measurements were performed at the beamline ID03 at the European Synchrotron Radiation Facility (ESRF). Hat-shaped samples, as specified in Fig. 8a , were manufactured from the plate material so that the surface was parallel to the normal plane of the plate. The samples were ground with SiC paper successively down to 4000-grit size, followed by mechanical polishing down to ¼ µm diamond paste in an apparatus to avoid sample edging. The samples were further fine-polished using OPS oxide-active polishing suspension (Struers, Denmark) to reduce the surface roughness. Then the surface was re-polished using ¼ µm to remove the chemically altered surface due to the OPS polishing. The samples were cleaned and dried and then stored in dry ambient air prior to the experiment. The total time elapsed from storage to measurement time was one week. The sample was mounted in an electrochemical cell made of polyether ether ketone (PEEK), [78] [79] [80] as schematically shown in Fig. 8a . The cell was translucent to the X-ray beam allowing electrochemical and X-ray measurements on the metal surface, as schematically illustrated in Fig. 8b-d . The cell consisted of the sample as the working electrode, a glassy carbon counter electrode, a saturated Ag/AgCl reference electrode, and two polytetrafluoroethylene (PTFE) tubes for electrolyte supply and drainage. The electrolyte was 1 M NaCl solution prepared from analytical grade chemical using ultra-pure water (Milli-Q), and its pH was ∼5.5. All electrodes were connected to a Metrohm Autolab potentiostat.
Measurement procedures
The X-ray measurements consisted of XRR, XRF, and GIXRD using a photon energy of 20.5 keV and a beam size of 90 µm × 35 µm. These measurements were carried out to measure compositional and structural changes occurring on the passive film and the underlying alloy surface layer during exposure to the electrolyte without and with anodic polarization. An overview of all experiments performed is summarized in Fig. 9 . During the measurement, the sample was rotated with a step size of 0.01°(0.0018 Å −1 ) with respect to the beam. GIXRD was used to obtain near-surface structural information. The X-ray beam was impinged on the sample surface with an incident angle of 1°, producing signals emanating from ca. 20-50 nm below the surface. First, GIXRD was measured in ambient air (no electrolyte) to characterize the air-formed surface oxide film and aspolished microstructure of the material, with a momentum transfer (qspace) range of 1.97-6.75 Å −1 corresponding to the 2-Theta range of 10.9-37.92°. Then, the electrolyte was filled into the electrochemical cell having a reservoir volume of ca. 3 mL, and metallic elements in the electrolyte were measured using XRF for background subtraction. The open-circuit potential (OCP) was monitored for 10 min to reach a nearsteady-state condition. XRR, EIS, XRF, and XRD measurements were done in sequence, first without and then with applied potential, as shown in Fig. 9 . At each polarization step (600, 900, 1000, 1100, 1200, 1300, 1400 mV/ mV/ Ag/AgCl ), the current was recorded for 10 min to get the current transients and also to reach a near-steady state condition. EIS measurements were performed in the frequency range of 10 4 -10 −2 Hz with a perturbation amplitude of 10 mV, using the Autolab potentiostat (Metrohm). The data were processed using NOVA software.
The completion time for each measurement sequence was ca. 60 min without XRD and 75 min with an XRD measurement. The measurement time of a single XRR scan was 5-10 min, capturing signals at incidence angles between 0 and 3°. The XRR curves were analyzed to obtain thickness and density of the surface layers, using the two-layer model (see Fig. 3g ) for the curve fitting done in the same way as described previously. [78] [79] [80] The synchrotron-based XRR is a very sensitive technique for measurement of the thickness and density of thin surface films. For a thin film on a flat substrate, the period of the fringes depends on the thickness of the film, the amplitude of the fringes depends on the electron density difference between the film and the substrate, while the general decay of the reflectivity curve, and the dumping of the oscillation depend on the roughness of the surface or interface. The XRR method gives a good estimate for the thickness, density, and roughness of a surface layer since these parameters have a strong influence on the reflectivity. The XRR is mainly sensitive to the derivative of the material refractive index, which depends in first approximation on the electron density of the materials. This leads to an extremely high absolute accuracy for the thickness down to Å, as often reported in the literature, and also a high accuracy of the change in the density of the thin layer on the surface. XRF measurements were carried out to detect signals from Fe, Ni, Mo, and Cr in the electrolyte. The incident X-ray beam was oriented parallel to and centered 3 mm above the sample surface, and the dissolved elements in the electrolyte were detected within an ellipsoidal volume of 90 µm in length and 35 µm in height. Collection of the XRF spectra took ca. one minute. Characteristic emission peaks for Fe, Ni, Cr, and Mo were assigned by calibrating the detector channels using a number of reference electrolyte samples and then identifying the measured peaks according to accepted values. 88 The XRF spectra obtained at each polarization step were compared after background subtraction to demonstrate the increasing anodic dissolution of each of these elements upon increased polarization potential. GIXRD was done to obtain surface-sensitive structural information for the following sample conditions: (i) in air, (ii) during polarization at 900 mV in the electrolyte, and (iii) after termination of polarization at 1400 mV in the electrolyte. Phase identification from the XRD data was carried out using DIFFRAC.EVA analysis software (Bruker) with the aid of the ICDD reference database. Following PDF card numbers were found as the phases showing the best match: 01-080-2473 (Cr-oxide), 00-022-0629 (FeMoO 4 ), 01-088-2359 (Fe 2 O 3 ), 01-078-1654 (Cr 2 (MoO 4 ) 3 ), 04-016-6641 (austenite) and 00-006-0696 (ferrite).
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